The presence and activities of the enzymes of the urea cycle in the bacterium Helicobacter pylori were investigated employing one-and two-dimensional NMR spectroscopy and radioactive tracer analysis. Cell suspensions, lysates and membrane preparations generated L-ornithine and ammonium at high rates in incubations with L-arginine, indicating the presence of arginase activity. Anabolic ornithine transcarbamoylase (OTCase) activity was identified by the formation of heat-stable products in incubations of cell-free extracts with ornithine and radiolabelled carbamoyl phosphate. The heat-labile product that resulted from incubations of cell-free extracts with citrulline radiolabelled in the guanidino moiety revealed the presence of catabolic OTCase activity. Argininosuccinate formation and catalysis indicated the presence of argininosuccinate synthetase and argininosuccinase activities. The findings suggested that H. pylori has a urea cycle which acts as an effective mechanism to extrude excess nitrogen from cells.
INTRODUCTION
Helicobacter comprises a genus of Gram-negative, microaerophilic, vibrioid bacteria with a unique habitat in the stomach and upper intestine of animals. Several species are found as part of the normal microbiota in animals ; for example, H.felis in cats and dogs, H. acinotyx in cheetahs, H. mastelae in ferrets, H. maridaram in mice and H. palloram in chickens (Lee, 1989 ; Eaton e t al., 1993 ; Stanley et al. , 1994) . In humans, H. heilmanii and H. pjlori colonize the upper gastrointestinal tract (Lee, 1989 ; O'Rourke e t al., 1992) . H. pjlori has been established as the major aetiological agent of active chronic gastritis (Goodwin e t al., 1986; Morris & Nicholson, 1987) and peptic ulcers (Graham, 1991; Calam, 1993) , and has recently been declared a group 1 gastric cancer carcinogen (Vanzanten Sterile 0.2 pm Minisart filters were from Sartorius, and selfvented tissue culture flasks and sterile microtitre trays were from Corning. ["C] Carbamoyl phosphate [13-9 mCi mmol-' (5143 MBq mmol-')I and ~-[ureiAo-'~C]citrulline [55 mCi mmol-' (2.03 GBq mmol-')I were from New England Nuclear (DuPont). All other reagents were of analytical grade. Bacterial cultures and preparation. H. p~lori laboratoryadapted strains NCTC 11639, N6, NbureG::Km, UNSW P10 and UNSW RU1, and low-passage wild-type strains UNSW 920023, UNSW 920042, UNSW 920106 and UNSW 10593/5 were grown on Blood Agar Base no. 2 plates supplemented with 5 YO (v/v) horse blood, polymyxin B (1.25 U 1-'), trimethoprim (5 mg 1-'), vancomycin (10 mg 1-' ) and amphotericin B (2.5 mg 1-'). The low-passage strains were passaged less than ten times. Strain N6zlreG : : Km is a urease-negative strain derived from strain N6 by insertional mutagenesis in the weG gene, which results in failure to activate the urease apoenzyme (Ferrero et al., 1992) . Cultures were passaged every 32-38 h and incubated in a Forma Stericult incubator in an atmosphere of 10 YO CO, in air, 95% humidity at 37 "C. Cells were harvested in exponential phase (approx. 24 h) in sterile NaCl (0.9%, w/v), checked for purity using phase-contrast microscopy, and tested for urease and catalase activity. Cells were washed three times by centrifuging at 17000 g (6 OC, 3 min), discarding the supernatant, collecting the pellet and resuspending it in saline. After the final wash, packed cells were resuspended in saline and employed as inoculum for different experiments.
Cells were grown in liquid cultures of Isosensitest broth supplemented with BSA (0.5 %, w/v) and catalase (01 %, W/V) unless otherwise specified, and incubated in a Forma Stericult incubator in an atmosphere of 10 YO CO, in air, 95 YO humidity at 37 "C. Bacterial growth was monitored by the changes in the OD,,, of cell suspensions, and bacterial viability was measured by the number of colonies formed using the method of Miles & Misra (1938) . At regular intervals, samples were taken from the cultures, their optical density was measured and the cultures were inoculated onto Blood Agar Base no. 2 plates at dilutions between 10' and lo-,.
Bacterial lysates were prepared by harvesting cells in sterile KCl (150 mM) and centrifuging them at 17000g (6 "C, 8 min); the supernatant was discarded and the pellet was collected and resuspended in KC1. The procedure was repeated three times. Following the final wash, packed cells were resuspended to a concentration of approximately 10s-109 cells ml-' in sterile KC1. Lysates were prepared by twice freezing in liquid nitrogen and thawing packed-cell suspensions ; phase-contrast microscopy indicated that more than 99% of the cells were lysed. Lysates were separated into pellet and supernatant fractions by centrifugation at 17 000 g (6 "C, 8 min).
Arginine utilization and identification of catabolic products.
Following the final wash after harvesting, packed cells were resuspended to a concentration of approximately 1 08-109 cells ml-' in Isosensitest broth supplemented with BSA (0.5 %, W/V) and catalase (0.1 %, W/V) or in NaCl (150 mM). For NMR measurements, cell suspensions were transferred to 5 or 10 mm tubes (Wilmad) which, after addition of L-arginine, were plugged with cotton wool and incubated in air for up to 24 h. Incubation products were separated by centrifuging samples at 17 000 g (6 "C, 8 min), collecting the supernatants, and filtering through membranes with an Mr cut-off of 1000.
NMR spectroscopy. Two-dimensional NMR 13C-'H heteronuclear-shift-correlated spectra were acquired in a Bruker AM-500 spectrometer using a standard program. The acquisition parameters were: 'H spectral width 4504.5 Hz, 13C spectral width 20 833.33 Hz, recycling time 2-0 s, and 240 free-induction decays were averaged over 4096 memory locations. Contour maps of 4 0 9 6~ 1024 data points were obtained from 256 individual experiments by zero filling in the evolution time domain before Fourier transformation. The plots are in absolute-value mode, with Gaussian apodization with a linebroadening of 2 Hz along the acquisition time domain, and sinebell apodization with a shift for sine-bell window of n/lO along the evolution time domain. 13C chemical shifts are given relative to L-Arg-a-CH at 55-32 p.p.m. Two-dimensional double quantum-filtered 'H homonuclear correlated (DQF-COSY) spectra with presaturation of the solvent resonance for 1 s were acquired employing a standard program in a Bruker AM-500 spectrometer. The acquisition parameters were: spectral width 2000 Hz, 0-512 s acquisition time, 1.512 s recycling time, and 32 free-induction decays were averaged over 2048 memory locations. Contour maps of 2048 x 1024 data points were obtained from 1024 individual experiments. The plots are in absolute-value mode, with square sinebell apodization and a shift for sine-bell window of x/2 along the acquisition and the evolution time domains. 'H chemical shifts are given relative to sodium 3-(trimethylsily1)-1 -propanesulfonate at 0 p.p.m.
For studies of metabolism employing 'H-NMR spectroscopy, H. pylori was prepared in suspensions of packed cells in NaCl (150 mM) or lysates in KC1 (150 mM), placed in 5 mm tubes (Wilmad), and the substrates were added to start the reactions. Free-induction decays were collected using a Bruker AM-500 spectrometer, operating in the pulsed Fourier transform mode with quadrature detection. Measurements were carried out at 37 "C. 'H spectra were acquired with presaturation of the water resonance. The instrumental parameters were : spectral width 5434.78 Hz, memory size 8 K, acquisition time 0.754 s, number of transients 144-256 and relaxation delays with solvent presaturation 1.26-2-75 s. Exponential filtering of 1 Hz was applied prior to Fourier transformation. Chemical shifts are quoted relative to sodium 3-(trimethylsilyl)-l-propanesulfonate at 0 p.p.m.
One-dimensional natural abundance 13C-NMR spectra were acquired with composite pulse decoupling. The instrumental parameters for the AM-500 spectrometer were : operating frequency 125.77 MHz, spectral width 2941 1.76 Hz, memory size 16 K, acquisition time 4279 s, pulse angle 65" (4 ps) and the number of transients 2000. Exponential filtering of 3 Hz was applied prior to Fourier transformation. The instrumental parameters for the ACP-300 spectrometer were : operating frequency 75.5 MHz, spectral width 16 129 Hz, memory size 16 K, acquisition times 1.508 s, number of transients 3000 and pulse angle 66" (9 ps). Exponential filtering of 2 Hz was applied prior to Fourier transformation.
One-dimensional 14N-NMR spectra were acquired with composite pulse decoupling. The instrumental parameters for the ACP-300 spectrometer were : operating frequency 21.69 MHz, spectral width 13 157-89 Hz, memory size 16 K, relaxation delay 0.626 s and the number of transients 2944. Spectra were acquired with a standard Bruker antiringing program. Exponential filtering of 40 Hz and a left shift of two data points were applied prior to Fourier transformation.
The time-evolution of substrates and products was followed by acquiring sequential spectra of the reactions. Progress curves were obtained by measuring the integrals of substrate and product resonances at each point in time. Maximal rates were calculated from good fits (correlation coefficients 2 0.99) of the data to straight lines for 30-60 min of the incubations.
Urea cycle of H. pylori
Calibrations of the peaks arising from substrates were performed by extrapolating the resonance intensity data to zero time and assigning the appropriate concentration value to this intensity. The intensity of resonances corresponding to products were calibrated by adding the appropriate metabolite to cell suspensions and constructing standard concentration curves.
Radioactive tracer analysis. The activity of anabolic OTCase (EC 2.1.3.3) was measured by the incorporation of the radiolabel of [14C]carbam~yl phosphate into citrulline, a heatstable product, according to the following reaction H,N14C0,P + H,N(CH,),CH(NH,)CO, + H2N14CONH(CH,),CH(NH,)CO; Reaction mixtures contained 200 mM HEPES/KOH, pH 7, 40 mM ornithine, 0.4 mM carbamoyl phosphate [ Om1 pCi pmo1-l (3.7 kBq pmol-l)] and 20-50 111 supernatants in a total volume of 200 pl. In control experiments, bacterial supernatants were substituted by KC1. Incubations were carried out at 37 "C in a stirred water-bath. The reactions were terminated by the addition of 100 p13 M formic acid and heated at 80 O C for 6 min to decompose any unused carbamoyl phosphate. A small amount of dry ice was added and the mixtures were allowed to stand for 20 min in a fume hood. The samples were freeze-dried and redissolved in 200 pl water. Duplicate 100 pl samples were placed in scintillation vials, 10 ml toluene/Triton X-100 (2: 1, v/v) scintillant solution was added, and the radioactivity was measured in a Packard Tri-Carb 1900TR Liquid Scintillation Analyzer. Enzyme activity was measured in preparations with protein concentrations from 0.6 to 6.6 mg ml-'. The formation of product was measured at 0,1,2,3,5,7,10,15,30 and 40 min. Under these conditions, the formation of product was linear. The kinetic parameters of OTCase were measured at an Lornithine concentration of 40 mM and a carbamoyl phosphate concentration range of 0-025 to 0.6 mM, at 37 "C and at fixed time-points of 5, 8, 10, 15 or 40 min. The kinetic constants K, and VmaX were calculated by non-linear regression analysis employing the program Enzyme Kinetics (Trinity Software, Campton, NH, USA), Catabolic OTCase activities were measured by the loss of the radiolabel of ~-[ureido-~~C]citrulline as it was converted to carbamoyl phosphate and L-ornithine in the reverse reaction of the above equation. Reaction mixtures contained 200 mM HEPES/KOH, pH 7, 10 mM L-citrulline [O-1 pCi pmol-' (3.7 kBq pmol-')I, 20 mM inorganic phosphate and 20 pl supernatants in a total volume of 200 pl. In control experiments, bacterial supernatants were substituted by KC1. The experimental protocol was the same as for measuring anabolic OTCase activity, but in this case the residual radioactivity measured corresponded to the L-citrulline substrate that was not metabolized. scopy. T h e mean rate of arginine conversion t o ornithine by lysates of strain UNSW 920023 in the presence of a saturating concentration (60 mM) o f substrate was 91.2 f 0.9 nmol min-' (mg protein)-' (n = 6). The measured rates depended on the strain used, and the values differed u p t o one order of magnitude between strains. This catabolic activity was associated with the membrane fraction obtained by centrifugation of bacterial lysates ; less than 5 % of activity was measured in the supernatant fraction. respectively (Fig. 2) Time-courses of the metabolism of arginine as sole substrate in suspensions of cells in NaCl or lysates in KC1 observed using '*N-NMR spectroscopy showed the formation of NH; as well as ornithine. Incubations of cell suspensions of the urease-negative strain NbtlreG : : Km with arginine as sole substrate yielded ornithine and urea as products (Fig. 4) . These results indicated that Larginine is converted into ornithine and urea and that urea is hydrolysed to NH; and bicarbonate in suspensions of bacterial strains which express an active urease.
RESULTS

Identification of metabolic products
Arginine can be catabolized to ornithine via the arginase pathway in which arginine is converted directly to ornithine and urea, or via the arginine deiminase pathway in which arginine is converted to citrulline and ammonium, and citrulline reacting with inorganic phosphate yields ornithine and carbamoyl phosphate. To ascertain whether the catabolism of arginine in incubations where it was the only substrate proceeded via citrulline, incubations were carried out with either citrulline as sole substrate or citrulline and ammonium as substrates. N o utilization of citrulline by cells or lysates was observed under these conditions, indicating that the production of ornithine from arginine did not proceed via citrulline.
OTCase activities
Incubations of bacterial lysates from strain NCTC 11639, UNSW P10 or UNSW 10593/5 with ornithine and
[14C]carbam~yl phosphate showed the formation of heatresistant products. However, at 40 mM ornithine and [14C]carbam~yl phosphate concentrations between 1 pM and 15 mM, the amount of product formed in the presence of lysates was less than that formed under the same conditions using either KCl or heat-denatured lysates. When supernatants rather than lysates were employed, the amount of product formed was also less than that formed under the same conditions using either KCl or heatdenatured cell extracts. No significant activity was detected with the membrane fractions. In addition, poor results were obtained by fitting the data to MichaelisMenten kinetics, although the fits improved at low carbamoyl phosphate concentrations.
In order to understand these results, the chemical interactions of ornithine with carbamoyl phosphate were studied employing 13C-NMR spectroscopy. Time-courses showed that the substrates reacted to form Na-carbamoylornithine and citrulline. Na-Carbamoylornithine was also generated enzymically in the presence of bacterial lysates. The rates of chemical formation of Na-carbamoylornithine and citrulline varied linearly with the concentration of the substrates, and at 50 mM ornithine and 30 mM carbamoyl phosphate were 19-9 and 9.17 pM min-' (n = 3), respectively. The chemical reactions between ornithine and carbamoyl phosphate would explain the formation of heat-resistant products in the absence of bacterial extracts and the poor fits to Michaelis-Menten kinetics, but the formation of less product had to be attributed to the presence of enzymic reactions.
Employing 13C-NMR spectroscopy, it was found that Na-acetylornithine reacted with carbamoyl phosphate to form Na-acetylcitrulline in the presence or absence of cell extracts. With the aim of separating the contributions of the chemical and enzymic reactions to the formation of heat-resistant products, the interactions of Na-acetylornithine with [14C]carbam~yl phosphate were investigated. In this case too, the amount of Na-acetylcitrulline was paradoxically greater for the chemical reaction alone than under conditions in which the product was formed both chemically and enzymically. The results suggested the presence of an enzymic decomposition of Naacetylcitrulline by the cell extracts. free extracts and explained the result that less product appeared to be formed chemically than both chemically and enzymically.
Argininosuccinate synthesis and catabolism
Employing 'H-NMR spectroscopy, the presence of argininosuccinate synthetase activity was observed in incubations of cell-free extracts of strain NCTC 11639 or UNSW 10593/5 with citrulline, ATP and L-aspartate (Fig. 5) . Although there is considerable spectral overlap of resonances in the region of the spectrum between 2-5 and 3.5 p.p.m., the characteristic peaks arising from the z-methylene protons of argininosuccinate allowed the identification of this metabolite and measurement of catalytic rates. The resonances of the z-methylene protons are characteristic of argininosuccinate, and have different spectral positions from the peaks arising from methylene protons of aspartate, asparagine or carbamoylaspartate, the other moieties with which they may be confused in these experiments. N o argininosuccinate was generated in control experiments in which each one of the three substrates was left out. For the NCTC 11639 strain, the measured rate of argininosuccinate synthesis was 6.66 & 1.2 nmol min-' (mg protein)-' (n = 3). N o activity was detected in membrane fractions under the experimental conditions employed.
Argininosuccinase activity was identified in incubations of whole bacterial lysates of strain NCTC 11639, UNSW P10, UNSW RU1, N6, UNSW 90023 or UNSW 10593/5 with argininosuccinate as the sole substrate, employing 'H-NMR spectroscopy. Fumarate was generated at the beginning of the incubations and this intermediate was converted to succinate, acetate, lactate and alanine ( 6), in agreement with the results of previous investigations of fumarate catabolism in H. pylari (Mendz & Hazell, 1993) . Initial rates of degradation of argininosuccinase were measured by the decline of the O-CH, resonances (Fig. 6 ), and they depended on the strain employed; the value obtained for strain UNSW 90023 was 3.5 f 0.5 nmol min-l (mg protein)-' (n = 3). The activity of this enzyme was associated with the membrane fraction obtained from centrifugation of lysates. N o significant degradation of argininosuccinate was observed in the supernatant fraction, or in KC1 or KCl/phosphate buffer solutions.
DISCUSSION
The urea cycle (Fig. 7) is generally regarded as a function useful only to multicellular organisms. Urea is a relatively non-toxic compound in which excess nitrogen can be stored until it is excreted by the appropriate organs. Excretion of urea in single-cell organisms does not ordinarily pose a problem because this metabolite will be removed from the vicinity of the cells by simple diffusion.
Complete urea cycle function together with urease activity has been described in only a limited number of prokaryotes, including Paracocczrf denitrz,&ans (Hiort e t al., 1967) and Sporosarcina zlreae (Gruninger & Goldman, 1 988), although micro-organisms of several other genera such as Agrobacterizlm sp. (Vissers e t al., 1981 ; Dessaux e t al., 1986) , Bacillzls sp. (Ramaley & Bernlhor, 1965; Soru, 1983; Patchett et al., 1991) , cyanobacteria (Weathers e t al., 1978; Gupta & Carr, 1981) , Escbericbia coli (Kharamov & Fast rates of arginine catabolism were measured in membrane fractions, lysates and cell suspensions by NMR spectroscopy (Fig. 1) . The reaction was unidirectional with complete utilization of arginine after allowing sufficient time, and ornithine was one of the products formed (Figs 2 and 3 ). Ornithine is formed as a product of arginine catabolism via the arginase pathway, in which arginine is converted directly to ornithine and urea ( Fig.   7 ), or via the arginine deiminase pathway, in which arginine is converted to citrulline and ammonium, and citrulline reacting with inorganic phosphate yields ornithine and carbamoyl phosphate. T o distinguish between these possibilities, the utilization of arginine by the ureasenegative N6ureG : : K m strain, derived from the parent N6 strain by insertional mutagenesis, was investigated. Incubation of cell suspensions of the mutant strain with arginine as the sole substrate produced ornithine and urea as the main products (Fig. 4) , indicating a hydrolytic cleavage of the substrate by arginase activity. Further evidence supporting the conclusion that arginine was catabolized via the arginase pathway was obtained by incubating bacterial lysates with citrulline or citrulline and ammonium as substrates. N o catabolism of citrulline was observed with any of the strains.
Data obtained studying the chemical and enzymic reactions of carbamoyl phosphate with ornithine, citrulline and Na-acetylornithine employing NMR spectroscopy and radioactive tracer analysis suggested the existence of anabolic and catabolic OTCase activities, although the results do not distinguish whether these activities correspond to one enzyme assayed in the forward and reverse directions or to two different enzymes. The presence of both enzymic reactions together with significant contributions from the corresponding chemical reactions precluded the determination of kinetic parameters under these conditions. (Eisenstein etal., 1986) . The result of these strategies is the separation of biosynthetic and degradative pathways, thus achieving ' metabolic compartmentalization ' without physical compartmentalization. In H. p~/ o r i , arginase and argininosuccinase activities were associated with the particulate fractions obtained by centrifugation of bacterial lysates, whereas transcarbamoylase and argininosuccinate synthetase activities were observed in the supernatant fractions, suggesting that the bacterium may achieve an energy-effective cycle by metabolic compartmentalization.
Ornithine is accumulated in H. pylori cultures growing in broth (Mendz & Hazell, 1995) , indicating that the rates of production of this amino acid are higher than its rates of metabolic utilization. The irreversibility of the arginase reaction and the fast rates measured for this enzyme would explain the increase of ornithine levels with time in vitru. The OTCase activity in the catabolic direction is considerably less than in the direction of citrulline synthesis, and elevated ornithine levels would contribute to the net flux of the pathway being in the anabolic OTCase direction, with citrulline synthesis limited by the availability of carbamoyl phosphate.
Although the role of the urea cycle in prokaryotes is unclear, one of its possible functions is arginine biosynthesis, since the generation of this amino acid from ornithine utilizes three of the metabolic steps of the cycle. The high activity of H. pylori arginase found in this study and the essential requirement of arginine for growth of the bacterium (Reynolds & Penn, 1994) suggested that arginine anabolism is not a major function served by the cycle. At the same time, it does not appear that arginine is a nitrogen source for the micro-organism because ammonium can be readily obtained by fast deamination of asparagine, aspartate and glutamine (Mendz & Hazell, 1995) . Urease is highly expressed in H. pylori, and considerable speculation regarding its physiological and pathological roles (Hazell, 1992) followed the initial reports of its activity in the bacterium (Owen e t a/., 1985; Hazell e t a/., 1986). It has become accepted that urease functions as an environmental modulator, protecting the micro-organism from the toxic effects of gastric acidity by raising the pH of its microenvironment. The enzyme will hydrolyse urea to carbonic acid/ bicarbonate and ammonia/ammonium, thus contributing to buffering any acidic pH in the proximity of the bacterium. There is evidence that urease can protect H. pylori from acid damage, but there is no clear-cut evidence for such a need in the niche occupied by H. pjluri in the gastric mucosa of the antrum of the stomach, nor has it been established that production of a cloud of ammonia is its exclusive, or even principal, role in vivu. Recent studies with urease-negative isogenic mutants demonstrated that urease activity is essential for H. pylori colonization of gnotobiotic piglets, but protection from gastric pH does not seem to be a major role of the enzyme in promoting colonization, since the mutants failed to colonize animals maintained in an achlorhydric state (Eaton & Krakowka, 1994) .
The results of this study suggest the possibility that H . pjlori urease may be pivotal in maintaining intracellular nitrogen balance in the micro-organism. Excess nitrogen inside the cells produced by fast catabolism of amino acids (Mendz & Hazell, 1995) could be disposed of by excretion via the urea cycle (Fig. 7) . The association of arginase with the bacterial membrane would place the enzyme in a good position to carry out this function. Hydrolysis of urea by urease outside the cells would avoid the formation of a concentration gradient that may drive this metabolic product back into the cytosol (Fig. 7) . This role of urease is compatible with an acid-protection function and relates the high expression of this enzyme to the central metabolism of H. pyluri.
